Abstract-Torque pulsations are one of the major concerns in permanent magnet synchronous machines (PMSMs) operation. Torque pulsations can be mitigated by proper machine design and/or by control. Independently of the means being used, precise measurement of torque pulsation is highly desirable for the validation and improvement of machine designs and control strategies. This paper proposes a non-invasive, wireless vibration measurement system aimed to provide precise estimates of torque pulsations. The system is mounted on the rotor shaft of the PMSM, without including any mechanical coupling, providing on-line torque pulsation measurement and without interfering with the normal operation of the machine. The proposed concept has been validated experimentally. 1 
INTRODUCTION
Permanent magnet synchronous machines (PMSMs) provide high efficiency, high power density and good dynamic response compared to other types of electrical machines [1]- [4] . These features have made PMSMs widely used in a large variety of high performance applications such as automotive, robotics, servo drive, military, aerospace, etc… [5] - [8] .
One of the major concerns in PMSMs operation are torque pulsations (smooth torque production) [9] - [13] . Torque pulsations in PMSM result from: a) interaction between PMs and the stator slot opening, i.e. cogging torque; b) non-sinusoidal distribution of the stator windings, non-sinusoidal current waveform or nonsinusoidal back-EMF [9] - [13] , i.e. electromagnetic torque ripple. Reduction of torque pulsations is always desirable; its minimization can be critical in some applications [6] . Mechanical torque pulsations can be mitigated by proper machine design, methods that have been proposed for this include dummy slots [15] , [18] , stator slots skewing [15] , the use of factional number of slots per pole [25] , magnet shifting [25] or magnet magnetization shaping [16] . Unfortunately, torque pulsations are intrinsic to the production of average torque, meaning that it cannot be fully eliminated. In addition to machine design, strategies based on feedforward compensation or harmonic decoupling using proper control strategies have been proposed for torque pulsation reduction [11] , [17] . Implementation of these methods can be difficult and required a significant commissioning effort, as they require precise measurement of the torque pulsations (e.g. magnitude and phase angle of each relevant frequency component), which will vary in general as a function of machine operating condition.
Precise measurement of torque pulsations of PMSMs under different operating conditions (torque and speed, magnet temperature, …) is highly desirable for multiple purposes, including assessment and validation of new machine designs, assessment/optimization of control strategies aimed to reduced torque pulsations or fault detection (e.g. demagnetization) in existing machines. Existing torque pulsation measurement systems include: conventional rotary torque transducers based on strain gauges [20] , [22] - [23] , Ferraris sensor [19] , piezoelectric accelerometers [19] , acceleration estimation using rotary encoder [19] and a weight variation of a beam attached to the rotor [21] . However, all existing methods show some limitation. Rotary torque transducers are the most popular option [20] ; however, these sensors are relatively bulky, and can introduce resonances into the system, which could hide the actual vibration produced by the machine [22] . In addition, they must be scaled to measure the average torque, what can seriously compromise their resolution measuring torque pulsations, their limited bandwidth and high cost being often further concerns [20] , [23] . A beam attached to the rotor was proposed in [21] ; its use being limited to zero speed [21] , measuring in the whole speedtorque map not being possible. Systems based on a Ferraris sensor, a rotary encoder system or a piezoelectric accelerometer [19] overcome the bandwidth limitation of rotary torque transducers and can measure torque pulsations with high resolution. However, all these systems present limitations in the low speed range, e.g. resonances that make them unreliable in low-speed ranges.
This paper presents a wireless, shaft-mounted torque pulsation measurement system. The system is mainly intended for the assessment/optimization of machine designs and control strategies aimed to provide smooth torque, i.e. to reduce torque pulsations. Further potential uses would include fault or different types of degradation detection. Strengths of the proposed system are: high bandwidth; high resolution; lack of mechanical couplings, avoiding therefore the risk of resonances; operation in the whole speed range; no interfering with the normal operation of the machine. The system measures the torque pulsations independently of the average torque. The requirements for the system have been determined first from finite element analysis (FEA) of a PMSM, its performance being assessed from FEA and experimental data joint analysis. Though the paper will focus on its use with PMSMs, the system can be applied to other types of rotating machines suffering from torque pulsations.
The paper is organized as follows: the physics of torque pulsations in PMSMs are discussed in section II; FEA are presented in section III; details of the torque pulsations measurement system are presented in section IV; experimental results and its comparative with FEA results are shown in section V; Finally, conclusions are presented in section VII.
II. AVERAGE AND PULSATING TORQUE IN PMSMS
Physical behind torque pulsations in PMSMs is analyzed in this section. The fundamental model of a PMSM expressed in the synchronous rotor reference frame is described by (1), where , , and are the d and q-axis stator voltages and currents in the rotor reference frame, , , and are the d and q-axis resistances and inductances respectively, is the rotor speed, is the PM flux and p is the differential operator. The output torque can be expressed by (2) , where is the number of poles.
Assuming an ideal behavior of a PMSM (i.e. sinusoidal PM magnetic field, sinusoidal distributed winding, constant magnetic air-gap field in the axial direction), the output torque, (2), can be decomposed into synchronous/ electromagnetic torque (T syn ), reluctance torque (T red ) and cogging torque (T cog ). The torque equation (2) can be further developed (3)-(5) [2] , where φ is the magnetic flux density, ℜ is the air-gap reluctance, N is the number of stator coils and r θ is the rotor angular position.
The term in (3), T syn , is the electromagnetic/ synchronous torque. In an ideal case (purely sinusoidal back-EMF and stator currents), it will be constant, i.e. without any torque ripple. However, non-sinusoidal back-EMF and/or stator currents intrinsic to real machine designs will induce torque pulsations. Non-sinusoidal back-emf result from either non-sinusoidal PM magnetic field or nonsinusoidal distribution of the stator windings; stator currents are not sinusoidal due to the non-ideal behavior of the inverter feeding the machine. Both back-EMF and stator currents are half-wave symmetric, meaning that the resulting torque harmonics will consist of odd order harmonic components. For the particular case of threephase machines, torque harmonic components occur at six times the fundamental electrical frequency, T syn being of the form shown (6) [2] , where T 0 is the average synchronous torque, T 6n and ϕ 6n are the magnitude and phase angle of the n·6 th harmonic component of the torque with n being an integer number and ω e the electrical excitation frequency. Harmonic components in (6) are commonly referred as torque ripple.
The term in (4), T rel , is the reluctance torque due to different d-and q-axis inductances.
Finally, the term in (5), T cog , is the cogging torque produced by the interaction among magnets and stator teeth which try to align the rotor PMs with the minimum reluctance path through the stator teeth. The harmonic order (number of periods) of cogging torque for a rotor revolution is given by (7), where LCM stands for the least common multiple between the number of stator slots and poles, and Q is the number of slots of the machine. The simplest mechanical model linking torque and acceleration of a PMSM can be expressed (8) [1], where ω r is the angular acceleration, and J and b are the overall inertia and viscous friction respectively. Torque pulsations due to T cog and T ripple result in angular accelerations, from which torque pulsations could be estimated. Fig. 1 shows the schematic representation of the machine that will be used both for simulation and experimental verification, the parameters being shown in Table I . The machine is a 36s/6p IPMSM. Fig. 2a shows the output torque obtained by FEA, while Fig 2b shows the corresponding FFT. As predicted by (6)-(7), the 18 th and 36 th are the most relevant torque harmonic order components. The LCM between the number of stator slots and rotor poles is 36; consequently, T cog will have a frequency equal to 36ωr (7) . Additionally, when fundamental current is applied, torque ripple will appear at 
III. STUDY OF TORQUE PULSATIONS BY MEANS OF FEA
integer multiples of 6 times the electrical frequency (6), i.e. 18 ωr, 36 ωr,.... Fig. 3b and 3d , is not zero when no current is being injected, its magnitude being significantly bigger than the 18 th harmonic component; i.e. the most relevant source of torque pulsation in this machine is the cogging torque.
IV. SHAFT-MOUNTED TORQUE PULSATION MEASUREMENT SYSTEM
A torque ripple measurement system which overcomes the limitations of existing methods is presented in this section. The system can operate at any speed and load level, does not introduce resonances which could interfere with the measurements, provides high bandwidth and high accuracy, independently or the torque ripple to average torque ratio. The system is shown in Fig. 4 , its main characteristics are shown in Table II . A schematic representation of the measurement system is shown in Fig. 5a ; it includes a threeaxis digital accelerometer, µController, battery and Wi-Fi module. The three-axis digital accelerometer is attached to the rotor shaft as seen in Fig. 6 . Torque pulsations appearing in the x/y-axis are the focus of this paper. Accelerometer signals are acquired by a μController and transmitted using a Wi-Fi link to a central computer (see Fig. 5a ). The maximum sampling rate of the system is 3.30 kHz, a sampling rate of 1 kHz was used for the experiments shown in this paper. To supply the three-axis digital accelerometer, μController and wireless transmission device, a power stage composed of a Li-Po battery and DC-DC converters, was included. Fig. 5b shows a screenshot of the desktop application that has been developed.
The signal provided by the accelerometer, a (9) can be split into centripetal a c (x-axis) (10) and tangential a t (yaxis) acceleration (11) components (see Fig. 6 and 7) . Centripetal acceleration is given by (10) , being r the distance between the sensor to the center of the shaft, ω r the mechanical angular frequency, g the Earth's gravity, a ch the magnitude of the n th harmonic component of the centripetal acceleration, h the harmonic order of the h th harmonic component and φ ch the phase of the h th harmonic component of the centripetal acceleration. A general expression of the tangential acceleration, a t , is given by (11) , where a th is the magnitude of the h th harmonic component of the tangential acceleration, φ th is the phase of the h th harmonic component of the tangential acceleration. The system has been mounted on a 36slot/6poles IPMSM, see Fig.1 and 6 . Fig. 8a shows an example of a t measurement; Fig. 8b shows the corresponding FFT. It is observed from Fig. 8b that there is a component in the tangential acceleration at ω r , which corresponds to the Earth's gravity, g in (11), the rest of the harmonics (i.e. 6ω r , 18ω r , 30ω r , 36ω r ,..) being produced by torque pulsations of this particular machine. After decoupling Earth's gravity form the y-axis acceleration measurements (11) , (12) 
V. EXPERIMENTAL RESULTS
Experimental results have been conducted using the IPMSM shown in Fig. 1 and 6 . The test bench can be seen in Fig. 9 . The IPMSM is equipped with the rotor acceleration measurement system shown in Fig. 4. Fig. 10 shows the 18 th and 36 th harmonics of the measured tangential rotor acceleration for the same working conditions as in Fig. 3 . Harmonic components obtained by FEA shown in Fig. 3 are also included in Fig. 10 to ease the comparative analysis.
It can be also observed that there is a good agreement between the tangential experimentally measured acceleration and torque provided by FEA (i.e. the tangential acceleration, is proportional to the machine torque (14) th torque harmonic component varies substantially. It is observed that FEA results for a 95% magnetization fit better with the experimental results. This suggests that the magnetization state of the real machine could be lower than 100%. It is noted however that there are other sources which could explain the deviations, e.g. mismatch of materials properties for the actual machine and FEA model, or assembling tolerances for the real machine. This is subject of ongoing research.
VI. CONCLUSIONS
A shaft-mounted torque ripple measurement system has been presented in this paper. Analytical models and FEA have been used to determine the main characteristics of the torque pulsations, from which the requirements for the measurement system have been stablished. The system uses shaft-mounts 3D accelerometers, and can operate at any speed and load level, provides high bandwidth and high accuracy, independently of the torque ripple to average torque ratio, and does not introduce resonances. Extensive experimental results have been provided to confirm the performance of the measurement system. 
